Determining the qualitative composition of the equivalent material for simulation of Kryvyi rih iron ore basin rocKs purpose. To develop a model of composition of Kryvyi Rih iron ore basin through laboratory investigation of equivalent material.
seven schist and seven ferruginous layers. The horizontal thickness of the series is about 1300 m. The ferruginous layers are composed of martite, gothite-hematitemartite, silicate-carbonate-magnetite, silicate-magnetite and magnetite ores with schist breaks. Schist layers are presented by quartz-sericite-chlorite and other schists with ore-free bands. The thickness of the schist layers is 20-100 m.
The Hdantsevska and Hleievatska suites occur in the hanging wall of the Saksahanska suite and are made of quartz-biotite, quartz-coal-mica schist, metasandstone, conglomerates, graphite-quartz-mica micro-schist, dolomitic marble and metasandstone, quartzite, quartzsericite-graphite and other schists. The total thickness of the suite is about 4800 m.
Operating enterprises of Kryvyi Rih iron ore basin apply underground methods for mining rich ores of the hanging wall of the Saksahanska series below 1135 m. Dramatic worsening of the rock extraction degree at great depths (1315 m and lower) results in increased mining costs [3, 4] .
Analysis of project design documents show that the worsening of the rock extraction degree does not result in deterioration of mining and geological conditions DOI: 10.29202/nvngu/2018-4/4 M i n i n g only, but also in considerable values of rock pressure. Increase in the extraction degree can be achieved through changing the underground mining technology. This requires forecasting the rock behavior within and beyond a stope at the stage of designing [5, 6] . Forecasting the rock mass behavior is possible through mathematical, computer or physical simulation in laboratory conditions.
Currently, there exist a great number of software systems capable of forecasting a rock movement zone, working and stope stress distribution at underground mining at Kryvyi Rih iron ore basin. However, these software systems do not consider the whole range of factors impacting the rock mass under real conditions of underground mining and the time factor. Building a dynamic computer model appears to be a complicated and in some cases unsolvable task [7, 8] .
Thus, to forecast rock stress changes in dynamics is possible through physical simulation on equivalent materials in laboratory conditions. analysis of the recent research and publications. Strain-stress state values on the rock model boundaries are known to differ from those in the middle of the simulated area as in this case there exists connection with the surrounding massif. Therefore, mechanical processes on the model boundaries will slightly differ from natural ones [9, 10] .
In laboratory simulation it is of significant importance to observe boundary conditions of the model and the natural environment. When solving volumetric tasks, the simulated and real area boundary conditions should be similar [9, 11] .
The similarity of the system is achieved through preparing the equivalent material of a certain composition with corresponding physical and mechanical properties. The necessary qualitative composition of the equivalent material mixture provides observance of the boundary conditions and allows replicating the initial stress-strain state before underground mining operations.
Selection of a filler and adhesives for the equivalent material depends, first of all, on physical and mechanical properties of the rock massif under investigation and the observance of necessary initial parameters according to the adopted simulation scale [11] . Preparation of a good quality composition of the equivalent material is a time, material and labor consuming process [12, 13] .
To reduce the time for selection and preparation of the adequate equivalent material, the number of laboratory tests of samples, a special technique should be developed for determining the qualitative composition of an equivalent material corresponding to physical and mechanical properties of rocks in nature considering the similarity criterion [5, 10] .
unsolved aspects of the problem. When determining strain characteristics of a sample, it is necessary to measure their strains in longitudinal and transverse load directions. Samples are tested under various loads to provide stable conditions on the sample-press plate interface with the initial stress σ 0 not exceeding 5-10 % of the sample destruction load [11, 14] .
At each load stage, longitudinal (Δh) and transverse (Δb) strains of the samples are registered and then the coefficient of relative transverse strain is determined as follows
where h and b are the initial height and width of the sample, cm; Δh 0 and Δb 0 are longitudinal and transverse strains of the sample respectively at the initial stress σ 0 . The elastic modulus depends on stresses in the sample and is determined according to the formula
where σ i and σ 0 are stresses in the sample at the i th load degree, kg/cm 2 ; Δh 0i is the sample strain after the stress relief to its initial stress value σ 0 , determined by the formula
where h 0i is the height of the sample at the i th load degree; h i is the height of the sample after the stress relief to its initial stress value σ 0 .
So, to select the qualitative composition of the equivalent material which corresponds to each rock type of the massif, over 150 samples should be prepared and tested. In the course of preparing a great number of samples there is a probability of error accumulation that will affect the results of investigating a process or an object [15] .
objectives of the article. To avoid error accumulation when preparing the equivalent material and reduce the number of laboratory tests of samples, it is necessary to design a technique for determining the qualitative composition of the equivalent material with physical and mechanical properties similar to those of Kryvyi Rih iron ore basin rocks considering the similarity criterion.
presentation of the main research. To receive data on a phenomenon under investigation, an auxiliary artificial object (a model) possessing certain reliable similarity to an object under investigation at separate stages is studied. The laboratory simulation is based on choosing a similarity theory and a model scale as well as on determining boundary conditions of the object and the model under which these processes are similar.
Certain known properties of similar physical phenomena make it possible to describe mechanically similar systems. In this case, all parameters describing mechanical processes in one system can be obtained just by multiplying corresponding parameters of another system by constant conversion factors [11] . Here, parameters of dissimilar physical nature have different factors, but for parameters of the same type this factor (the similarity constant) has a single conservative value.
When simulating a rock pressure manifestation using equivalent materials, the method developed by Professor G. N. Kuznetsov is a routine one. It is applied when solving a wide range of problems of rock movement and changes of the stress-strain state in the rock massif surrounding stopes, preparatory and permanent workings.
M i n i n g
Correlation of physical and mechanical properties of the model made of artificial materials and corresponding properties of natural rocks considering geometrical similarity is determined according to the dynamic similarity law by the formula
where P m , P n are forces in the model and prototype respectively; ρ m , ρ n are density of model and natural materials respectively; ν m , ν n are the movement speed of initial points in the model and prototype respectively; K is the similarity criterion. Strength and elastic parameters the model material should possess at the adopted geometrical simulation scale, the relation l m /l n of strength characteristics (or the elastic modulus) of the natural material and γ m and γ n should satisfy the condition
where γ m , γ n are density of the model and natural materials respectively; [σ] m is the strength parameter of the model material; [σ] n is the strength parameter of the natural material which corresponds to that of the model; E m and E n are the elastic modulus of the model and prototype respectively. As a rule, when simulating mechanical processes in the rock massif which occur in mining, the similarity of the following physical and mechanical characteristics of the equivalent material should be observed: compressive strength, tensile strength, bending strength, elastic modulus, adhesion, plastic and rheological characteristics. The internal friction angle and Poisson's ratio should be the same in both the model and prototype
where µ m , µ n are Poisson's ratio of the model and prototype respectively. While determining the qualitative composition of the equivalent material, there were prepared over 100 laboratory samples composed of quartz sand, mica, granite chips, cast iron and paraffin with the similarity coefficient of 0.05.
Quartz sand (70 %) of the equivalent material functions as a filler. Cast iron and granite chips (28 %) simulate volume weight of rocks. It should be noted that when the volume of cast iron is increased from 2 to 20 %, the volume of granite chips is reduced from 26 to 8 % and the volume weight of the equivalent material increases from 2.31 to 3.39 kg/cm 3 . The technology of preparing the equivalent material from sand-paraffin mixture consists in the following: quartz sand is dried, sieved (sieve meshes of less than 1 mm), and heated to 130 °С. Then crushed paraffin is added. The mixture is stirred for 25-30 min at 130 ± 3 °С.
Elastic parameters of the equivalent material are determined using the statistical method on samples of 50 × 50 × × 100 mm. The sample height-length ratio is not less than 2 : 1 to create homogeneous uniaxial stress at loading.
The increasing load is applied to the prepared and processed sample until its complete destruction [15] .
The sample compressive strength is characterized by the maximum load at which it is destroyed.
During the laboratory tests dependencies of the initial stress field, Poisson's ratio and compressive resistance on the equivalent material composition were built (Figs. 1-3) .
As shown in Fig. 1 , with the increase in cast iron percentage from 2 to 20 % the initial stress field in the massif grows from 900 to 1600 kg/cm 2 with the paraffin content of 2 %. When paraffin grows from 1.6 to 2.4 % with 20 % of cast iron in the mixture, the initial stress field grows from 600 to 2400 kg/cm 2 . So, the cast iron percentage in the equivalent material enables creating the required initial stress field.
It should be noted that to observe the second similarity theorem, Poisson's ratio of the model and nature should have the same value.
As a result of the laboratory tests, Fig. 2 shows the determined dependencies of the cast iron percentage in the equivalent material on Poisson's ratio.
These dependencies show that the required Poisson's ratio in the equivalent material can be obtained through changing percentage of cast iron and granite chips. For the model to describe the natural material with Poisson's ratio of 0.35, the cast iron content in the equivalent material should equal 5 or 14 %, the granite chips content being 23 or 14 % with the paraffin content of 2.4 or 2.2 % Fig. 1 
While simulating mechanical processes in the rock massif, the similarity of the equivalent material compressive strength should be observed. The laboratory tests resulted in the dependencies of the equivalent material compressive strength changes on the cast iron percentage. The obtained dependencies are equal to corresponding dependencies of the natural material. Fig. 3 shows the dependencies describing the equivalent material ultimate strength changes on the percentage of the cast iron content and granite chips. With the increase in cast iron in the equivalent material from 2 to 20 % and paraffin from 1.6 to 2.4 %, the ultimate strength grows from 150 to 2500 kg/cm 2 . The given dependencies (Figs. 1-3) show that the initial stress field, ultimate strength and Poisson's ratio of the samples are influenced not only by the cast iron and granite chips percentage, but also by the paraffin content in the equivalent material. The investigation resulted in the fact that growth in the paraffin percentage in the equivalent material from 1.6 to 2.4 % increases the sample ultimate strength and Poisson's ratio. Table 1 presents values of the mean-square deviation and the uniformity factor of the massif.
According to laboratory data processing techniques developed by G. M. Malakhov, V. V. Kulikov and M. V. Kir pichov, a mean-square deviation should not exceed 15 % of the average data, the uniformity factor of the massif should not exceed 25 %. Based on the laboratory test results, the mean-square deviation changes within 2.2-13.5 %, the maximum uniformity factor value makes 18.2 % ( Table 1) .
The mean-square deviation of the laboratory test data changes from 3 to 10 % depending on the composition of the sand-paraffin mixture at the maximum uniformity of the massif of 7.96 %.
The coefficient of the horizontal stress on the boundaries of the model is determined as follows . 1
The width of the horizontal stress change zone on the boundaries of a working depends on the simulation scale and the model similarity factor. According to the investigation conducted, the horizontal stress stabilizes and remains unchanged. With the percentage of paraffin in the equivalent material increasing from 1.5 to 2.4 %, the width of the zone where the horizontal stress stabilizes decreases from 12 to 5 cm.
When simulating stability of structural elements of room systems in laboratory conditions, the time factor should be considered in addition to mechanical and geometrical criteria as the rock massif is destroyed over time. It is concluded that the rock massif is destroyed due to micro-fractures that are formed long before uniformity loss becomes visible. The duration of the destruction process depends on geometrical and physical and mechanical properties of the object under investigation [9, 10] . At this, relative coordinates of distinguished points in the rock massif and the model built on the basis of different physical methods practically coincide. It should be noted that duration of the destruction of the Fig. 2 respectively of the total volume of the material. The dependencies resulted from the laboratory tests (Fig. 2) are approximated by power functions and described by empirical equations with the validity factor of 0.9. M i n i n g model under investigation varies from fractions of a second to several months (years).
In simulating, when separate elements move down the inclined plane and other fast processes occur (the first group), the time scale is determined by the geometrical scale according to the formula
where M t is the time scale; M l is the linear simulation scale.
In case of simulating pillar and exposure stability in the rock massif, along with the linear simulation scale the volume weight of rocks should be considered. The generalized experimental time scale in simulating is determined as follows 2 2.7 ,
where M γ is the material volume weight scale. Physical models of various forms of stopes typical for Kryvyi Rih iron ore basin were tested in laboratory conditions to verify the obtained empirical equations determining the qualitative composition of the equivalent material.
The input data for laboratory simulation were as follows: shapes of stopes -rectangular, diamond and domed; stope height -75, 80 and 90 m; stope length along the strike -20, 25, 30, 35, 40 m; stope widthaverage thickness, 60 m; dip -60°; intervening pillar width -equal to stope width; temporary ultimate compressive resistance for ore, rocks of hanging and foot walls -125, 80 and 110 МPа respectively; unit load on a stope from overlying rock -400 t/m 2 . Stope life time was determined according to intensity of mining and made 9, 12 and 15 months.
A laboratory model was a box with front and back walls made of glass. In the box metal conductors (sensors) for detecting rock fracturing and uniformity loss were placed.
Experimental procedure. The box was filled with layers of the equivalent material with corresponding physical and mechanical properties of the ore and waste rocks. Then, the external load simulating weight of the overlying rocks was applied to the formed massif.
In the ore massif, stopes of 6125 cm 3 and of the form under investigation were cut with pillars between them. In the model 3 stopes and 4 pillars were formed across the strike. Then the state of the stopes and pillars were monitored for a certain period of time considering its scale, and readings of resistance strain sensors in the model were taken. When the massif was destroyed, the amount of the destroyed material and the volume of the newly formed stope were determined (Fig. 4) .
The strain sensor data expressed in terms of ultimate compressive resistance for stopes of various forms are given in Fig. 5 .
As is seen in the diagram, the pillar compressive resistance decreases from 125 to 120 … 60 МPа depending on the stope shape. Thus, after exposures in rectangular, diamond and domed stopes within 9, 11 and 14 months respectively, compressive resistance of intervening pillars decreases and the formed stopes are destroyed.
Comparison of the data obtained through simulating applying the NDGRI methods enables the conclusion that the formed stopes remain stable during their design M i n i n g life. However, it should be noted that domed stopes with the dome in the upper part are the most stable. Thus, the suggested empirical functions enable quick determination of the qualitative composition of the equivalent material, creation of the rock model that is capable of reflecting natural processes over time occurring at underground mining operations.
conclusions and recommendations for further research. The laboratory tests have enabled empirical dependencies for determining the qualitative composition of the equivalent material. The quantitative composition of the equivalent material based on the sand-paraffin mixture (34 % of cast iron and granite chips, 66 % of quartz sand, mica and paraffin) represents the investigated rocks of Kryvyi Rih iron ore basin with corresponding physical and mechanical properties in laboratory conditions. 
